The development of systems based on organic Rankine cycles (ORC) permits low-or high-grade heat to be converted into useful work. Nevertheless, in such systems, the selection of the organic fluid represents a critical step because it strongly depends on operating conditions. To this aim, in this paper, a thermodynamic model, which requires limited information (only about external heat and cold sources), is presented. The model, based on the equivalent temperature concept, is independent of both the nature of the working fluid and the isentropic efficiencies of the mechanical components. It allows an appropriate optimization problem, independent of the working organic fluid, to be formulated for finite source systems. Applied to a given case by using genetic algorithms, the optimal operating conditions are obtained in terms of equivalent temperatures and overall heat transfer coefficients. A method for determining the traditional parameters and for selecting the optimal working fluid is then tackled while the range of applications of the methodology is discussed in detail.
INTRODUCTION
In the current global environmental context, improving the management of fossil fuels appears essential. Within this perspective, technologies based on the use of renewable energies and heat recovery systems are widely developed. As a result, the organic Rankine cycle (ORC), which permits the conversion of low-, medium-and high-grade heat into mechanical or electrical energy, nowadays are acquiring high relevance. In this manner, various energy sources can be considered to be potentially useful for heat recovery applications; in particular, solar, geothermal, biomass, industrial and automotive thermal wastes [1] [2] [3] . Several ORC manufacturers have already proposed appropriate units that can operate from biomass, geothermal, solar and waste thermal energy [4] . Presently, various applications are also investigated; among others, internal combustion engine heat recovery [5, 6] , water desalination [2] as well as the regasification process of liquefied natural gas [7] . The possible integration of ORC units into more complex structures [2] , including co-and tri-generation [8, 9] , ejectors [10] , heat pumps [11] and energy storage tanks [12, 13] , has also been examined in the open literature.
The development of the ORC technology can be divided into two research areas. Firstly, the design of basic and advanced ORC, which satisfy specific performance criteria at given operating conditions, has been deeply studied. Some of these results permitted the benefits and drawbacks of different ORC configurations to be clearly emphasized [1, 4] . Secondly, the selection of organic fluids (i.e., the use of pure or zeotropic mixtures) has been widely studied as well; it constitutes a major challenge during the ORC design process [4] . In fact, the working fluids are generally distinguished by the slope of the saturation vapor curve (i.e., wet, isentropic and dry fluids for negative, infinite and positive slopes, respectively), which has a major impact on the design [4] . Furthermore, the waste heat sources are not necessarily available at constant operating conditions (temperature, mass flow rate, etc.). Hence, to determine if an ORC is able to perform efficiently with variable temperature sources, it is crucial to estimate its dynamic behavior. Therefore, to operate the ORC at optimal conditions, some control strategies based on various approaches were proposed in the open literature [14, 15] .
The design and operation of ORC strongly depend on the temperatures of the heat source and the cold sink, as well as on expected performances determined from energy, exergy, environmental and/or economic considerations [4] . Depending on the size of the system, several technologies can be considered; among others, turbo-machines and positive displacement expanders, shell & tube and plate heat exchangers, and positive displacement and centrifugal pumps [4] . Furthermore, a large range of organic fluids has also been investigated in numerous scientific publications. In particular, exhaustive literature reviews have been performed by Bao and Zhao [16] , Chen et al. [17] , and Quoilin et al. [4] . As well, other studies are specific to high [18] and medium to low [19] [20] [21] [22] [23] [24] temperature applications, or the use of particular mixtures as working fluids [25] [26] [27] . It must be pointed out that the fluid selection directly influences the choice of ORC components, especially for the expanding unit [16] . In this way, several studies are nowadays, considered as systematic tools for selecting the optimal fluid [28, 29] . For given working fluids and well established operating conditions, the performance of the ORC is generally estimated using the classical thermodynamic approach, where energy and entropy balance equations allow the thermodynamic states to be determined. Moreover, the design of heat exchangers can also be taken into consideration while more realistic semi-empirical models are also developed, in particular for the expander [15] .
Since the performance of ORC is closely related to the working fluid selection, which strongly affects the optimal operating conditions, a methodology is developed in this paper that determines these optimal conditions independently of the organic fluid (i.e., that are suitable for all fluids). Afterwards, the application of such a procedure will then help the selection of the most appropriate fluid. Based on the use of equivalent temperatures, this method, which requires limited information (principally the temperatures of external heat sources) has been previously developed by Neveu et al. [30] for infinite thermal source systems and is extended to the case of finite source ORC. To this aim, the reformulation of the ORC modeling based on equivalent temperatures is examined while the formulation of an optimization problem is discussed. Its resolution is carried out for a given case by using a genetic algorithm. It allows the optimal operating conditions to be expressed as a function of equivalent temperatures and overall heat transfer coefficients. Subsequently, the determination of the ORC typical parameters, the methodology for selecting the most appropriate organic fluid as well as the applications of the method are finally discussed.
ORC MODELING BASED ON THE EQUIVALENT TEMPERATURE CONCEPT
As shown in Figure 1a , a typical basic ORC consists of an evaporator, a condenser, a pump and an expander. A heat source, usually a low temperature waste, increases the working fluid temperature up to saturation or superheated state at a relatively high pressure (state C in Figure 1a and 1b) . Afterwards, the fluid expands through a mechanical power generation process (state D), before being cooled down to saturated or subcooled liquid state at low pressure (state A), by means of an appropriate heat sink. To close the cycle, the fluid is then pressurized (state B). To improve the efficiency of the ORC, several modifications of the basic cycle (shown in Figure 1a ) have been proposed in the open literature. For instance, a recovery heat exchanger can be installed at the outlet of the pump to reuse a fraction of thermal energy from the outlet of the expander. Appropriate fluid extractions can also be implemented in the turbine to partially regenerate the thermal energy. Recuperative-regenerative ORC are then also possible [1] . It is important to note that the overall system performance highly depends on the trade-off between the organic fluid saturation pressure at the evaporator, and the outlet temperature of the heat source [31] . Therefore, various cycle arrangements have been elaborated to closely follow the heat source temperature variation. To this purpose, amongst other solutions, cascade, multiple-evaporation and trilateral ORC have been developed while the use of zeotropic mixtures (i.e., characterized by a non-isothermal phase change) and transcritical cycles (i.e., the organic fluid at a supercritical pressure state), have also been investigated [1] .
The classical ORC analysis approach consists in applying steady-state balance equations for the mass, energy, entropy and/or exergy, for each component (i.e.,, the pump, the expander and the heat exchangers). Ignoring the variation of chemical potentials, these equations are expressed as follows:
where ! m , h , v , z and s are the mass flow rate, enthalpy, velocity, elevation and entropy of the working fluids, respectively. Subscripts i and j refer to inlet and outlet states of the system, respectively. Since Eq.
(1) means that the mass flow rate is constant and equal for all components, ˙ Q k represents the heat power transferred from a source at temperature T k and ˙ W k corresponds to the generated mechanical power. In Eq. (4), ! k = 1 " T 0 /T k is the Carnot factor associated to the temperature T k with T 0 , the exergy reference environmental temperature (i.e.,, dead state). Similarly to Carnot factors, when solar energy is involved, an appropriate coefficient can be introduced for the exergy of solar radiation [32] . ˙ S gen,tot and ˙ D tot = T 0˙ S gen,tot are the overall entropy creation and exergy destruction, respectively, that account for the system imperfections (or irreversibility). Solving Eqs. (1) to (4) could necessitate the inclusion of isentropic efficiencies for estimating mechanical entropy losses. Even though the variation of chemical potentials can be neglected, the variations in kinetic and potential energies cannot necessarily be ignored, particularly for compressible turbine flows [31] as well as for subcooling conditions prevailing in the condenser [14] . It is apparent that the application of a classical thermodynamic approach to ORC tightly depends on the properties of the working fluid, i.e.,, the operating pressures, the subcooling required at the pump inlet and the superheating at the expander inlet. As well, isentropic efficiencies that account for the irreversibility in the mechanical components directly affect the thermodynamic cycle. These values, generally obtained from experimental data, strongly depend on the operating conditions [31] ; in particular, the mass flow rate and the pressure ratio. Therefore, most studies are based on arbitrary constant isentropic efficiency values.
Neveu et al. [30] generalized the classical thermodynamic approach by expressing the conservation equations as a function of the equivalent temperature given as:
This term is also known as the exergy equivalent temperature or entropic average temperature for incompressible fluids [33] . It is interesting to mention that, in the Mollier diagram (Figure 1b) , this temperature corresponds almost to the slopes of isobaric transformations, which are approximately represented by straight lines [30] . For systems characterized by a relatively low pump mechanical power (which is not the case in this study), the Mollier diagram (Figure 1b) can thus be considered as a simple triangular construction. Taking into account Eq. (5) and neglecting kinetic and potential energy terms, Eqs. (2) to (4) are rewritten as:
where ! m ij is the mass flow rate flowing from state i to state j . By applying these equations to the entire ORC engine using finite sources (Figure 1a) and by replacing products of mass flow rate and enthalpy difference by thermal powers, equivalent temperatures relative to secondary fluids are explicitly expressed and the energy, entropy and exergy balance equations are simplified as follows:
where ˙ Q evap and ˙ Q cond are the thermal powers transferred through the evaporator and the condenser and ˙ W net corresponds to the net output mechanical power, i.e., the expander power minus the pump power (note that these terms are considered positive). Moreover, the Carnot factors ˜ ! source and ˜ ! sink are associated to the equivalent temperatures ˜ T source and ˜ T sink of the heat source and cold sink secondary fluids, respectively. Neveu et al. [30] proposed a similar set of equations to treat the case of infinite sources, i.e., where the equivalent temperatures of the source and the sink are replaced by constant values of T source and T sink , respectively.
Eqs. (9)- (11) depend on the equivalent temperatures of the auxiliary fluids and do not introduce the working fluid into the model. Hence, by applying Eqs. (7)- (8) to the evaporator and the condenser, the entropy creation that results from the degradation of the thermal potential in the heat exchangers [34] is expressed by:
where the subscripts BC and AD refer to the states of isobaric transformations of the organic fluid in the evaporator and the condenser (Figure 1 ). It must be pointed out that the use of equivalent temperatures permits the isobaric processes at the evaporator and the condenser to be "artificially" considered as isothermal transformations characterized by appropriate temperature levels. Even though the thermodynamic states of these processes cannot be straightforwardly identified in a temperature-entropy diagram, Figure 2 shows the classical thermodynamic approach ( Figure  2a ) and the isothermal transformations under which the new methodology is based on (Figure 2b) . Note that the cycle could also be represented on the enthalpy-entropy diagram where horizontal lines are replaced by straights lines whose slopes are given by equivalent temperatures, as previously mentioned. Note that !S source and !S sink represent the minimum and maximum entropy boundaries under which the overall cycle of Figure 2a could operate, i.e., covering a maximum cycle-entropy span !S AD . It is important to notice that the entropy variations of the external fluids shown in these figures are almost arbitrary while the saturation curve is only drawn to illustrate the path A-B-C-D. As a result, Figure 2b provides a clear indication about the limitations that the thermal potentials of both the source and the sink introduce into the whole process. For instance, it is thus clear that any decrease on ˜ T source increases the corresponding entropy variation ( !S source ), which is necessary to satisfy the external energy demand of the system for obtaining a given mechanical power. Furthermore, within the boundaries of the cycle itself, Figure 2b implicitly includes the irreversibility of the mechanical components as indicated by transformations A-B and C-D in Figure 2a . Therefore, this methodology differs from an endoreversible model that considers only the effect of external irreversibility in the heat exchangers.
To close the system of Eqs. (9) to (13) , appropriate relationships to evaluate the heat transferred at the evaporator and the condenser are still necessary. The product of the overall transfer coefficient and heat transfer surface area UA is generally introduced by using the Logarithmic Mean Temperature Difference (LMTD) or the Number of Thermal Units (NTU) methods [35] , as well as finite time/size thermodynamic models [36] [37] [38] . To this aim, Neveu et al. [30] applied phenomenological laws, where the heat transfer is induced by thermodynamic forces obtained from the entropy generation (given by an equation similar to Eq. 12). In their work, however, these coefficients are calculated by a linear heat transfer law [39] [40] obtained from the product of UA with an appropriate temperature difference with respect to an average value [30] . A similar approach, based on Figure 2b , can be extended to the difference of equivalent temperatures, which yields:
where UA ( ) eq,evap and UA ( ) eq,cond are the products of overall equivalent heat transfer coefficients and heat transfer surface areas required by the evaporator and the condenser, respectively. Compared with linear heat transfer laws based on average temperatures, the equivalent ones implicitly (explicitly under isobaric conditions) include logarithmic terms as for the LMTD approach, which is physically consistent. There certainly exist deviations when UA ( ) eq terms are compared with traditional LMTD ones. Nevertheless, some empirical factors can be introduced to partially correct these deviations, similarly to those applied to the LMTD approach for treating advanced heat exchanger configurations (multi-pass, cross-flow, etc.) [35] . Corrections could also be formulated for some restricted groups of organic fluids or for limiting the validity range of UA ( ) eq to some particular operating conditions. Therefore, the modeling is completely determined as function of equivalent temperatures and heat transfer surface areas and appears strictly independent of the working fluid and the mechanical components.
It must be pointed out that the effects of isentropic efficiencies, shown in Figure 3 , are evenly taken into account in the present approach; in particular, in the values of equivalent temperatures ˜ T AD and ˜ T BC . In fact, the operating pressures are implicitly considered in the equivalent temperatures, which depend on the mass flow rates at the inlets and outlets of heat exchangers. As well, for given equivalent temperatures, the surfaces of the heat exchangers, i.e., UA ( ) eq,evap and UA ( ) eq,cond , determine the extent of the subcooling and superheating regions. It is important to note that since the saturation temperature corresponds to of the pressure in case of phase change, ORC heat exchangers present non-negligible degrees of subcooling and superheating that make the equivalent temperature close to, but different from, the saturation temperature. Therefore, the equivalent temperature depends on the operating pressure but also on the fluid state at the heat exchanger inlet and outlet. It clearly appears from Figure 3a that the value of the condenser equivalent temperature is implicitly related to the expander isentropic efficiency. Hence, a relatively low efficiency ! is,exp (path A'D' compared with path AD) results in a higher temperature at the expander outlet that yield a higher equivalent temperature ˜ T AD . As well, similar values of equivalent temperatures and specific powers can possibly result in different isentropic efficiencies and different pressures by adjusting the states at the inlet and outlet of the expander, as shown in Figure 3b . In this situation, any irreversibility change forces the pressure at the condenser to be adapted; it decreases with decreasing the expander isentropic efficiency. Hence, the net output power becomes completely determined from the heat transferred at both the evaporator and the condenser, independently of any mechanical component.
The performance of the ORC can be determined from the net output power ( ! W net ) or by evaluating the total irreversibility rate of the entire process ( ! D tot ). In turn, energy ( ! ORC ) and exergy ( ! ORC ) efficiencies can also be estimated as a function of appropriate UA ( ) eq terms and equivalent temperatures, hence:
Note that, in Eq. (16), the energy efficiency can be obtained from the power terms expressed by using appropriate heat transfer surface areas. In addition, heat recovery efficiencies [41] can also be calculated from both the energy or the exergy concept, as the ratio between the actual and the maximum thermal or exergy transfer rates at the evaporator, which yields:
where the potential of the maximal thermal power ( ! source ) is estimated at the (inlet) heat source temperature. It is thus obvious that if the reference state of the environment is similar to that of the sink, then ! source represents the efficiency of a Carnot engine installed between the hot source and the cold sink. Moreover, in Eq. (18), the enthalpies and/or evaporator secondary fluid temperatures can be determined from the heat source, the reference state of the environment (i.e., temperature, pressure), and the equivalent temperature ! T source . Hence, from Eqs. (16) to (19) , the overall energy and exergy efficiencies are expressed as:
If the temperature and the mass flow rate of the heat source are known, by assuming a constant reference state of the environment, the maximal thermal power ( ! Q evap,max ) and its thermal potential ( ! source ) can be directly obtained. It is apparent, from these two equations, that maximizing the net mechanical power ! W net requires maximizing both the overall energy and exergy efficiencies. Nevertheless, this is not necessarily the case when the ORC and the heat transfer processes are analyzed separately. For instance, the performance of the heat recovery system (Eqs. 18-19) increases with decreasing the external fluid outlet temperature; however, it also strongly affects the ORC efficiencies (Eqs 16-17).
The proposed model allows the overall performance of the ORC and the heat recovery system to be evaluated as a function of the equivalent temperatures and the products of overall heat transfer coefficients and surface areas. Therefore, this methodology seems to be suitable for optimization purposes. Within this framework, the following section describes the formulation of the optimization problem, including the equations and the appropriate objective functions. The proposed approach is then applied to a particular case by using a genetic algorithm. It is obvious that once the optimal operation conditions are well determined, the selection of the mechanical components, as well as the most appropriate organic working fluid (i.e., to achieve the best overall ORC performance) can be obtained.
FORMULATION OF THE OPTIMIZATION PROBLEM
Based on thermodynamic, environmental, economical and practical aspects, the selection of the organic fluid, appears to be a critical step during the design of ORC [4, 16, 17] . Therefore, the method discussed in Section 2 is of particular interest, because it is independent of the working fluid. It allows optimal operating conditions, which are suitable for all working fluids, to be determined by requiring very limited input information. The approach, illustrated in Figure 2b , is similar to that given by Curzon and Ahlborn [40] , where the Carnot efficiency is estimated at maximum output power conditions. Hence, the optimization problem (i.e., the minimization or maximization of a given objective function) consists in distributing the appropriate temperature levels ( ! T source , ! T BC , ! T AD and ! T sink ), limited by upper ( T source ) and lower ( T sink ) bounds, as well as assigning the products of overall heat transfer coefficients and their corresponding heat transfer surface areas, UA ( ) eq,cond and UA ( ) eq,evap .
The treatment of cases based on infinite thermal sources is widespread in finite time/size thermodynamics [36] [37] [38] . Even though the use of this technique is particularly convenient to perform theoretical studies, it is also suitable for practical applications, i.e., when it is possible to consider the source temperatures constant during appropriate periods of time. This is the case for solar energy systems where the absorber temperature results from the balance between thermal gains from the Sun and losses to the ambient and to the working fluid. In this manner, Neveu et al. [30] developed an optimization strategy for concentrated solar power applications and considered infinite source cases.
However, most industrial applications rely on the use of finite thermal sources characterized by variable temperatures. This is the case, amongst others, of automotive and industrial thermal wastes as well as for processes intended to recover and convert renewable (solar, geothermal) energies into work by using secondary (i.e., auxiliary) fluids. Hence, the temperature of the heat source secondary fluid, which can be air, exhaust gases, water, mixtures, phase change material, etc., is increased by an appropriate process (combustion, radiative, convective and/or conductive heat transfer mechanisms), while the cold sink auxiliary fluid (air, water, brine, etc.) guaranties a relatively low level of the working fluid condensing temperature. Therefore, when finite sources are taken into account, besides the heat source and cold sink equivalent temperatures, the mass flow rate of the heat source secondary fluid also plays a major role in the heat recovery process. In fact, this new variable limits the amount of thermal power that can be recovered and partially converted into useful work. Similar to the model developed for infinite sources [30] , the optimization of an ORC working with finite sources also requires limited input of information. It is obvious that both the heat source and the cold sink temperatures ( T source , T sink ) are mandatory; nevertheless, the mass flow rate of the heat source secondary fluid ( ! m source ) as well as its properties also become the constraints of the problem. Note that the operating pressures of the secondary fluids can also be imposed (e.g., atmospheric value) and the dimensions of the evaporator and the condenser are controlled by a total heat transfer coefficient UA 
where ! m sink is the mass flow rate of the secondary fluid in the condenser. The subscripts out, source and out, sink represent the outlet thermodynamic states of secondary fluids at the evaporator and the condenser, respectively. Note that the enthalpy variations in the secondary loops (Eqs. 22b and 22g) can be estimated by using mean values of the respective heat capacities ( c p,source , c p,sink ). Furthermore, if the secondary fluids are considered incompressible (or if pressure drops are neglected), the equivalent temperatures ! T source and ! T sink , given in Eqs. (22a) and (22f), are similar to the entropic average ones. As a result, the set of equations is composed of eight equations and three inequalities, which permits the overall system to be completely defined. Since Eq. (22i) has been obtained by combining Eqs. (10) and (12), the Eqs. (22i) to (22k) forces the solution to agree with the second law.
Hence, the optimization problem is described by the set of Eqs. (22) and it can be achieved from four optimization variables ( ! T source , ! T BC , ! T AD and ! T sink ), by simultaneously distributing the optimal heat transfer surface areas within the two heat exchangers. Such a task is then accomplished for any kind of organic fluid in the ORC itself. However, since the model relies on equivalent temperatures, the results do not correspond to traditional fluid variables (pressures, temperatures, mass flow rate, etc.) used in classical thermodynamic modeling approaches. The final determination of these real parameters necessitates the reconstruction of a physical cycle to be carried out, which strongly depends on the thermophysical properties of the working fluid.
The determination of the ORC optimal operating conditions can depend on various criteria, including thermodynamic and economic aspects. As previously mentioned, for given operating conditions, the net output power, as well as the energy and exergy efficiencies are maximum when the ORC and the heat recovery processes are altogether taken into account. These conditions highly depend on the size of the ORC equipment; in particular, the size of heat exchangers used as condenser and evaporator. In fact, the heat transferred at the evaporator is increased with increasing its surface areas, which in turn would considerably raise its cost. Within this context, Neveu et al. [30] discussed, for infinite source cases, the maximization of the net output power that satisfy a given total cost. They argued that the solution corresponds to the minimal total cost for a given output power. However, the approximate definitions of (operation, equipment, etc.) costs and the economic versatility restrict the optimization to a very specific economic context. As an alternative, the present work is intended to the valorization of the thermal waste generated by industry or accessible via renewable energy process, by converting them into useful work (i.e., electricity). Therefore, the appropriate objective function corresponds to the ORC net output power ( ! W net ). However, its maximization must be restricted to guarantee specific thermal equipment size limitations. Therefore, the sum of heat exchanger surface areas at the evaporator and the condenser must be limited to an upper bound of UA ( ) eq,tot . For a particular economic context, the total cost could be estimated by using economic parameters to account for major costs (heat exchanger surface areas, mechanical equipment, mass flow rates of secondary fluids, etc.). The information that is not explicitly handled by the optimization (such as the working fluid mass flow rate, the operating pressures and temperatures, etc.) should be taken into account along the selection of the organic fluid procedure discussed in the following sections.
RESOLUTION OF THE OPTIMIZATION PROBLEM AND CASE STUDY
The optimization problem, described in the previous section, has been applied to a particular case. The source and the sink temperatures ( T source , T sink ) are fixed to 120°C and 10°C, respectively, while the mass flow rate of the source ( ! m source ) is set to 0.1 kg/s. Two situations have then been considered for the total heat exchanger surface area UA ( ) eq,tot ; the cases #1 and #2 assume a value of 1 and 1.25 kW/K, respectively. These cases are summarized in Table 1 . Furthermore, due to the highly non-linear optimization problem, the resolution has been performed by using a genetic algorithm. This technique is based on the process of natural selection; it is considered as a robust optimization technique to find the global optimum of an objective function. In this method, the population of each generation is composed of individuals that are characterized by a proper set of variables (i.e., ! T source , ! T BC , ! T AD , ! T AD in the present situation). Each individual of the generation is then assessed by using a fitness function (i.e., the net output mechanical power ! W net ) and is rated within the population. This ranking allows the parents of the next generation to be defined and thus, a new child to be created. Firstly, the individuals that have the best fitness function are automatically passed to the next generation. Afterwards, two natural mechanisms are in competition; each child results from a crossover with some probability of mutation. In the first situation, the genes (i.e., equivalent temperatures) of a pair of parents are randomly combined while for the second case the genes are arbitrarily modified. The whole procedure ceased when an appropriate stop criterion is achieved. It includes a maximal number of generations and stall generations, for which the best fitness function remains almost unchanged. To this purpose, the global optimization toolbox of Matlab® 1 R2015a has been used and the main setting parameters are summarized in Table 2 . 
Fitness scaling

Scaling function Rank
Reproduction
Selection function Remainder
Elite count 0.05 * Population size
Crossover function Scattered
Crossover fraction 0.8
Mutation function Adaptive feasible
Constraint parameters
Nonlinear constraint algorithms Augmented Lagrangian
Stopping criteria
Maximum generations Variable Maximum stall generations Variable
In this table, the population size, the maximum generations and the maximum stall generations have been considered as variable. In fact, the procedure has been performed in such a way that the optimization parameters do not influence the solution. The values are given in Table 3 . Hence, to ensure the diversity of the population, each generation has been composed of between 4000 and 15000 individuals. For numerical reasons, the maximum number of generations have been limited to 50 for the largest population and 200 (or 100) otherwise; the number of maximum stall generations is then adjusted. Therefore, six optimization procedures have been performed for the two situations characterized by the value of the total heat exchanger surface area; 1 and 1.25 kW/K for cases #1 and #2, respectively.
The results obtained from the optimization procedure for the cases described in Table 3 are shown in Table 4 while the graphical illustration of the results is given in Figure 4 . It must be pointed out that, even if a single-objective optimization algorithm has been applied to maximize the net mechanical power, the different procedures do not converge to a single global optimum but rather to solutions characterized by different evaporator thermal powers, which clearly show the high sensitivity of ORC performance to the heat source temperature glide. Since the objective function varies within a maximal deviation of 1.47% for the first situation (0.67% for case #2), the solutions are characterized by an evaporator thermal power that changes up to 11.29% (10.43% for the second situation). In addition, the equivalent temperatures can vary up to 3 or 5 K for ! T source and ! T BC , respectively. It is also important to note that some variables converge to the same value. For instance, ! T sink corresponds to the lower bound allowed by the optimization procedure. It is physically consistent to keep the equivalent temperature of the sink as low as possible and then, to guarantee a relatively high difference between the condenser and the evaporator pressures. Moreover, the equivalent temperatures at the evaporator are subjected to larger variations compared with the condenser ones. The critical choice of the source temperature glide, shown in Figure 2a , and its impact on the evaporator pressure are, thus, correctly taken into account during the procedure. Finally, it is interesting to mention that, despite a maximal variation of 3.20% and 2.36% for cases #1 and #2, respectively, the values of the heat transfer coefficients seem to tend towards an equipartition, which is certainly due to the same weight given to the condenser and the evaporator surface areas. The optimal surface areas appear equally distributed into the heat exchangers.
The overall performance is also given in Table 4 for the optimal operating conditions. The similar value of ! T sink makes the temperature difference of the secondary fluid at the condenser ( !T sink ) identical in all cases and equal to 2°C. As well, the different solutions allow similar values of the net mechanical power to be obtained for a relatively large range of ! Q evap . Hence, the evaporator thermal power increases with increasing the temperature span at the source secondary fluid ( !T source ) and the efficiency of the heat recovery unit ( ! re cov ). Furthermore, it also provokes a higher value of total entropy creation rate ( ! S tot ) while more heat has to be transferred at the condenser by increasing the mass flow rate ! m cond . However, to maintain similar performances ( ! W net , ! ov ), the efficiency of the ORC unit ( ! ORC ) must decrease. The trade-off between the performance of both the ORC and the heat recovery process is thus clearly emphasized.
The formulation of the optimization problem, as given by the set of Eqs. (22) , allows any optimization technique to be applied. Even though a genetic algorithm has been used in this work, either deterministic (Lagrangian function with Karush-KuhnTucker conditions [30] , etc.). or stochastic (other evolutionary algorithms, etc.) methods could also be developed. Furthermore, the net output mechanical power has been considered as the objective function for a given total heat exchanger surface area (i.e., that considers the total investment). However, multiobjective procedures could also be performed; in particular, by considering the size of heat exchangers as an additional decisive criterion. It must be pointed out that the optimal operating conditions have been obtained in terms of equivalent temperatures and heat transfer surface areas while the traditional parameters (pressures, mass flow rate, condenser subcooling, evaporator superheating, etc.) are not necessarily known. As a result, the reconstruction of the thermodynamic cycle must be carried out. Based on a graphical reconstruction of the thermodynamic cycle, a methodology has been developed by Saloux et al. [42] and it is suitable either for infinite or finite sources. Once the optimal traditional operating conditions are determined, the fluid selection is generally based on several criteria including environmental, safety, economic and technical aspects. Since the global warming potential and the ASHRAE group are typical of the first two criteria [43] , respectively, the technical constraints are determined by the operating parameters. Therefore, the working fluid selection results from the trade-off between all these aspects.
APPLICATIONS OF THE METHODOLOGY
The proposed modeling approach can be used in several applications. First of all, the preliminary design of basic ORC could certainly be performed based on limited information, relative to the heat source and cold sink. Moreover, the source temperatures are not necessarily constant due to the changes in the process (temperature and mass flow rate of the thermal waste, etc.) and the environmental conditions (cold sink temperature, solar irradiation, etc.). It results in a strong fluctuation of the overall performance that makes the design at nominal conditions highly affected. Therefore, if these variations are approximately known, a feedback on the preliminary design could be introduced to take into account the fluctuations and then, adjust if necessary the working fluid and the operating conditions. Applied to the ORC in operation, since the organic fluid could be selected beforehand, the optimal operating points that are mandatory for control strategies can also be deduced from the proposed procedure.
The methodology has been developed for a basic ORC configuration. However, the fluid independency of the modeling makes this approach directly useful in its current form for other architectures; in particular, transcritical (fluid at a supercritical state into the evaporator), trilateral (based on a two-phase expander) and cascade ORC (succession of basic ones) configurations. This methodology also appears very attractive for evaluating ORC using zeotropic mixtures where fractions of pure fluids could be optimized. Similar to the basic ORC, appropriate equivalent temperatures could be theoretically introduced for modeling alternative options; in particular, the ORC with recuperator and using regeneration as well as multi-evaporation and flash cycles. All these architectures are deeply described by Lecompte et al. [1] . To this purpose, it is important to note that the extension of this methodology is closely related to the ability of replacing traditional operating parameters by suitable ones (equivalent temperatures, heat exchanger surface areas, etc.).
Finally, it must be pointed out that Neveu et al. [30] based their work on an analytical expression of a mechanical equivalent temperature, which is typical of the irreversibility in the pump and the expander. To this aim, they assumed that the mechanical losses are mainly located into the expander and performed graphical assumptions [30] . In this work, this mechanical equivalent temperature is not necessary and no assumption is required. Therefore, the modeling is kept as general as possible, and could be extended to other types of thermodynamic cycles; Brayton machines as mentioned by Neveu et al. [30] but also heat pumps. In a broader vision and similarly to building integrated systems [33] , complex structures could also be analyzed by using equivalent temperatures. The integration of ORC to refrigeration systems including ejectors, heat pumps and storage tanks could then be performed.
CONCLUSIONS
A thermodynamic model for basic ORC systems or engines that requires limited information about external heat and cold sources is presented. Based on equivalent temperatures and overall heat transfer surface areas, the model has been developed for the case of finite sources and aims to determine the most appropriate operating conditions, independently of both the working fluid and the isentropic efficiencies of the mechanical components. An optimization problem (including the set of equations and the objective function) has then been deduced and the proposed methodology has been applied to a case study where the optimization problem has been solved by using a genetic algorithm. Finally, a broad range of applications is discussed, including the multi-objective approach, the selection of zeotropic mixtures and the development of models for advanced ORC as well as complex structures such as integrated systems.
Once the optimal operation conditions are obtained in terms of equivalent temperatures and overall heat transfer surface areas, the traditional parameters must be estimated. To this aim, a reconstruction procedure that is suitable for a given fluid and mechanical components has been discussed. Since the overall performance is obtained from the operating conditions, the choice of the most appropriate organic fluid can be performed based on environmental and practical engineering criteria including economic, safety and technical aspects. 
